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elastin was strong in quiescent mesangial cells; their gene ex-Elastic fiber proteins in the glomerular mesangium in vivo and
pression was further up-regulated by transforming growth fac-in cell culture.
tor-b1, while it was transiently reduced when cells were ex-Background. Glomerular capillaries of the mammalian kid-
posed to mitogenic 10% fetal calf serum and platelet-derivedney are exposed to high intraluminal hydrostatic pressures and
growth factor.require elastic constraint to maintain size, shape, and integrity.
Conclusions. These findings demonstrate that specific elasticPrevious morphological and functional studies indicated that
fiber proteins are produced and secreted by mesangial cells.the extracellular matrices of glomeruli, that is, basement mem-
This process is regulated by growth factors. Their abundancebrane and mesangial matrix, contribute to glomerular resilience
in the extracellular matrix of the mesangium is in keepingand mechanical stability. Immunofluorescence microscopy find-
with the concept that elastic fiber proteins contribute to theings demonstrated elastic fiber components to be located in
the renal vasculature, including glomeruli. The aim of this study mechanical stability and elastic strength of the glomerular capil-
was to clarify the exact glomerular localization, composition, lary tuft.
and cellular production of these proteins.
Methods. We examined the renal distribution of the elastic
fiber proteins fibrillin-1, emilin, microfibril-associated glyco-
The glomerular capillary tufts of adult mammals areproteins (MAGPs) 1 and 2, latent transforming growth factor-
exposed to high and variable intraluminal hydrostaticbinding protein-1 (LTBP-1), and elastin using immunohistol-
ogy and immunoelectron microscopy of human, rat, and mouse pressures and require elastic strength to maintain capil-
kidneys. In mesangial cell cultures, we also studied the expres- lary size, shape, and integrity [1–6]. Several studies have
sion and extracellular deposition of such proteins by use of
examined what structures may contribute to the resil-Northern blotting and immunocytochemistry.
ience of the glomerular capillaries and provide mechani-Results. Fibrillin-1, emilin, MAGPs 1 and 2, and LTBP-1
were present in glomeruli of mouse, rat, and human kidney, cal properties that are essential for the maintenance of
where they were located predominantly in the mesangial extra- glomeruli [1–3, 7]. Based on morphological analyses, it
cellular matrix underlying glomerular endothelium and base- has been proposed that the contractile mesangial cellsment membrane. Several of these proteins, as well as elastin,
(MCs) [1, 2] as well as podocytes [1, 8] generate inwardlywere also expressed in the renal vasculature. While elastin
directed forces that afford stability to the capillary looplocalized to the glomerular vascular pole in afferent and effer-
ent arterioles extending to Bowman’s capsule, it was not found by opposing the expansile force of high hydrostatic glo-
in the glomerular capillary tuft. Cultured mesangial cells of merular capillary pressure. Cortes et al have investigated
rat, mouse, and human kidneys expressed mRNAs of fibrillin-1,
the distensibility of isolated rat, rabbit, and human glo-emilin, MAGP-2, and elastin, and the respective proteins local-
meruli, which were perfused at different pressure levelsized within and outside of mesangial cells, as shown by immuno-
cytochemistry. mRNA expression of fibrillin-1, emilin, and [3]. They found that the MC tone (for example, in response
to angiotensin II) contributes little to the elastic constraint
and recoil of glomeruli. Rather, these authors observed
Key words: hydrostatic pressure, cell elasticity, renal vasculature, extra-
that the major determinants affecting glomerular volumecellular matrix, growth factor, glomerular capillary tuft, transforming
growth factor-b. and capillary diameter are the glomerular capillary wall
tension (depending on prevailing hydrostatic pressure andReceived for publication December 4, 1999
basal capillary width) and elastic properties of the glo-and in revised form April 17, 2000
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[3, 9]. Based on these experimental results, it was con- firmed that microfibrillar components, indeed, are present
in the mesangial ECM, we also examined the expressioncluded that composition and distribution of the ECM
are the most important determinants of the glomerular of several proteins, that is, fibrillin-1, emilin, MAGPs 1
and 2, LTBP-1, as well as elastin by cultured rat, mouse,mechanical properties.
Ultrastructural studies by Kriz et al emphasized the and human MCs and performed experiments to study
the regulation of their expression at the mRNA level.existence of a network of fine electron-dense fibrillar
structures in the mesangial ECM [1, 2, 7, 10], which had The results of these immunolocalization studies and MC
culture experiments demonstrate that multiple elasticbeen originally described by Farquhar and Palade in
1962 [11] and later by Reale et al [12]. These filaments fiber proteins are expressed and produced by MCs and
are organized in the mesangial ECM. Our findings areare no thicker than 10 to 15 nm and often appear to be
arranged in bundles [1, 2, 13]. In the glomerulus, they in keeping with the concept that elastic fiber proteins
contribute to stability and elastic constraint of the glo-are located preferentially in subendothelial location, par-
ticularly at so-called mesangial angles found at the waist merular capillary ultrafiltration apparatus. These new
observations should stimulate further experiments toof glomerular capillaries, that is, where the endothelial–
mesangial interface meets the GBM [1, 2]. It has been elucidate expression and functions of elastic fiber pro-
teins in normal and diseased glomeruli.suggested that these fibrillar structures may serve an-
choring as well as elastic functions in the glomerular
capillary tuft [1, 10]. However, their composition and
METHODS
regulation, as well as the nature of their interactions with
Immunohistochemistrymesangial and endothelial cells and with the GBM are
presently uncertain. Normal kidney tissue was obtained from young adult
male mice (N 5 4, C57/black 6; Charles River, Sulzfeld,By electron microscopy, the filamentous structures in
the mesangial ECM resemble microfibrils that have been Germany), rats (N 5 4, Sprague-Dawley; Charles River)
and three human adult donor kidneys that were not usedidentified in elastic as well as nonelastic connective tis-
sues, for example, of the vasculature, skin, tendons, and for transplantation (because of either laceration of a
short renal artery or last-minute problems with graftthe eye [13–15]. Microfibrils are extensible linear poly-
mers. In elastic fibers, microfibrils are associated with recipient). Portions of decapsulated kidneys were imme-
diately snap frozen in liquid nitrogen or were fixed inelastin, but they can also be found in elastin-free bundles
[13, 15, 16]. The main constituents of microfibrils are methyl-Carnoy solution (60% methanol, 30% chloro-
form, and 10% glacial acetic acid) or 4% paraformalde-fibrillins 1 and 2 [16–18]. Other glycoproteins related to
elastic fibers and microfibrils include emilin [13, 19, 20] hyde. After overnight fixation in methyl-Carnoy solution
or paraformaldehyde, tissues were dehydrated in in-and microfibril-associated glycoproteins (MAGPs) 1 and
2 [21, 22]. Immunohistological surveys of the organ distri- creasing concentrations of methanol (or ethanol for
paraformaldehyde-fixed tissue), followed by 100% iso-bution of such proteins were performed in chick, rat,
mouse, bovine, and human tissues and revealed their propanol. After embedding in paraffin, 3 mm sections were
cut with a Leitz SM 2000 R microtome (Leica Instru-presence in many organs, including the kidney, where the
vasculature, glomeruli, and/or the peritubular connective ments, Nussloch, Germany). After deparaffinization, en-
dogenous peroxidase activity was blocked with 3% H2O2tissue stained positively for the respective proteins [20,
21, 23, 24]. While the immunofluorescence staining pat- in methanol for 20 minutes at room temperature. Sec-
tions were layered with the primary antibody and incu-tern observed in glomeruli appeared to reflect mesangial
deposition of the employed antibodies, no information bated at 48C overnight. After the addition of the second-
ary antibody (dilution 1:500; biotin-conjugated, goatwas obtained with regard to the precise glomerular local-
ization and origin of production of the examined pro- anti-rabbit or anti-mouse immunoglobulin G), the sec-
tions were incubated with avidin-conjugated horseradishteins. Also, it remains unclear what factors regulate their
expression and abundance in the glomerulus. peroxidase complex (Vectastain DAB kit; Vector Labo-
ratories, Burlingame, CA, USA) and exposed to 0.1%To clarify the renal and glomerular localization of the
elastic fiber proteins fibrillin-1, emilin as well as elastin, diaminobenzidine tetrahydrochloride and 0.02% H2O2 as
the peroxidase substrate. Each slide was counterstainedwe examined renal tissue of normal adult human, rat,
and mouse using immunohistology and immunoelectron with hematoxylin. As negative controls, equimolar con-
centrations of preimmune rabbit or mouse immunoglob-microscopy. These findings were compared with the im-
munolocalization of other proteins that have been de- ulin G or an irrelevant secondary antibody were used.
For localization by immunofluorescence microscopy,scribed to be components of or interact with microfibrillar
structures, such as MAGPs 1 and 2 and latent transforming 3 mm cryostat kidney sections were air dried for 10 min-
utes, fixed in cold acetone for 10 minutes, washed twicegrowth factor-binding protein-1 (LTBP-1) [25–28]. Since
our initial observations in rat kidney sections had con- in Tris-buffered saline (TBS)/1% bovine serum albumin
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(BSA), and incubated with 100% fetal calf serum (FCS) Mesangial cell culture
for 30 minutes at 378C. Primary antibodies were applied Mesangial cells were isolated from normal mouse, rat,
overnight at 48C. After washing, sections were incubated or human kidneys, as described previously [30]. Cultured
with secondary antibodies, CY2-labeled goat anti-rabbit MCs showed a typical vascular smooth muscle-like mor-
or anti-mouse immunoglobulin G (Dianova, Hamburg, phology and positive immunostaining for smooth muscle
Germany) for two hours. Double immunofluorescence a-actin and myosin as well as a8-integrin [31]. Rat MCs
was performed by applying primary antibodies simulta- also stained positively for Thy 1.1 antigen (Biozol, Ech-
neously overnight at 48C. After washing, sections were ing, Germany) [31]. MCs of mouse and rat were grown
incubated with secondary antibodies, CY2-labeled goat in Dulbecco’s modified Eagle’s medium (Life Technolo-
anti-mouse immunoglobulin G, and CY3-labeled goat gies, Eggenstein, Germany) containing 10% FCS, 5 mg/mL
anti-rabbit immunoglobulin G (both from Dianova) at insulin, 100 U/mL penicillin, 100 mg/mL streptomycin,
the same time for two hours. Washed sections were then and 2 mmol/L l-glutamine (Sigma, Deisenhofen, Ger-
covered with Tris-buffered Mowiol, pH 8.6 (Hoechst, many) in a 95% air/5% CO2 humidified atmosphere at
Frankfurt, Germany). 378C. Human MCs were grown in Waymouth medium
containing 20% FCS, nonessential amino acids, 5 mg/mLImmunoelectron microscopy
insulin, 100 m/mL penicillin, 100 mg/mL streptomycin,
Postembedding immunogold labeling was performed 2 mmol/L l-glutamin, 1 mmol/L pyruvate, 10 mmol/L
as previously described [29]. Tissue specimens of normal HEPES. MCs were used for experiments in passages 8
mouse, rat, and human kidney were fixed in a freshly through 18 (mouse and rat) or 12 through 20 (human).
made solution of 4% paraformaldehyde and 0.1% glutar-
aldehyde in 0.1 mol/L cacodylate buffer (pH 7.4) for Immunocytochemistry of mesangial cell cultures
three hours at 48C. After rinsing, specimens were dehy- Mesangial cells of subconfluent cultures were harvested
drated serially to 70% ethanol at 2208C, embedded in with trypsin-ethylenediaminetetraacetic acid (EDTA) and
LRWhite resin, and polymerized for 24 hours at 458C. were washed and seeded (5000 cells/well) on glass eight-
Ultrathin sections were incubated successively in drops
well chamber slides blocked with 2% BSA. Cells were
of TBS, 0.05 mol/L glycine in TBS, 0.5% ovalbumin, and
allowed to adhere for 24 hours, followed by serum depri-
0.5% fish gelatin in TBS, primary antibodies diluted in
vation for 48 hours. Then supernates were removed.TBS-ovalbumin overnight at 48C, and 10 nm gold-conju-
Adherent cells were rinsed three times with PBS andgated secondary antibody (BioCell, Cardiff, Wales, UK)
fixed in 3% paraformaldehyde for 20 minutes. Afterdiluted 1:30 in TBS-ovalbumin for one hour at room
blockade of free aldehyde groups with 50 mmol/L ammo-temperature. After rinsing, sections were stained with
nium chloride, MCs were permeabilized by 1% Tritonuranyl acetate and examined with an EM 906 electron
X-100, and nonspecific binding was blocked using 100%microscope (Leo, Oberkochen, Germany). For certain
FCS. MCs were incubated with the primary antibodiesantibodies (MAGPs 1 and 2 and LTBP-1), pretreatment
overnight, followed by a CY3-labeled goat anti-rabbit orof sections with 0.1% trypsin in TBS (pH 7.8) for 10
anti-mouse immunoglobulin G (Dianova) as secondaryminutes at room temperature or microwave heating in
antibody and embedding in Tris-buffered Mowiol, pH0.01 mol/L citrate buffer (pH 6.0) was required. For pre-
8.6 (Hoechst).embedding labeling, 50 mm thick cryostat sections of
unfixed kidney tissue were blocked in 1% BSA in phos-
Antibodies
phate-buffered saline (PBS) for 30 minutes, incubated
Antibodies were obtained as follows: Monoclonal anti-in primary antibody diluted in BSA-PBS overnight at
body to fibrillin-1 was from Chemicon (Hofheim, Ger-48C, followed by the 10 nm gold-conjugated secondary
many). Polyclonal (rabbit) as well as monoclonal (mouse)antibody diluted 1:30 in BSA-PBS for one hour at room
antibodies to human emilin were obtained from rabbitstemperature. After washing, sections were fixed in 2.5%
and mice immunized with full-length human recombi-glutaraldehyde in PBS for one hour and then in 1%
nant emilin produced by 293-EBNA cells. The specificityosmium tetroxide in PBS for one hour at 48C. Sections
of the affinity-purified anti-emilin immunoglobulins waswere dehydrated in an ethanol series and embedded in
confirmed by immunoblotting against recombinant hu-epoxy resin.
man emilin (A. Colombatti, unpublished data). The anti-To improve the electron microscopic demonstration
body to MAGP-1 was a mouse anti-bovine monoclonalof microfibrils in the mesangium, kidney tissue was fixed
antibody [32], and the MAGP-2 antibody was a rabbitin 2.5% glutaraldehyde and 3% tannic acid in PBS over-
polyclonal raised to a synthetic peptide [21]. Polyclonalnight at 48C, postfixed in 2% buffered osmium tetroxide,
antibodies to human elastin were induced in rabbits usingand then embedded in epoxy resin according to standard
human a-elastin as the immunogen (G. Bressan, unpub-protocols. Ultrathin sections were stained with uranyl
acetate and lead citrate. lished data). No cross-reactivity with other fibrillar pro-
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teins (fibrillins 1 and 2, emilin, MAGP-1) or other matrix Effects of TGF-b1 and PDGF in mesangial
cell cultureproteins (collagens I, III and VI, fibronectin, laminin)
was observed. In addition, staining of rat kidney sections The effects of transforming growth factor-b1 (TGF-b1)
with a commercially available anti-rat antibody to elastin and platelet-derived growth factor (PDGF) on cultured
(Chemicon) resulted in an identical staining pattern, con- MCs were tested with regard to the mRNA expression
firming specificity of the employed antielastin antibody. of the extracellular proteins under study. TGF-b1 and
PDGF-BB were obtained from Sigma, and were used atPolyclonal antibodies to LTBP-1 were from Pharmingen
concentrations from 5 to 20 and from 10 to 50 ng/mL,(Hamburg, Germany), to fibronectin from Life Technolo-
respectively. The growth factors were added to the incu-gies (Eggenstein, Germany), and to a8 integrin chain from
bation medium when MC cultures had reached subcon-Dr. Ulrich Mu¨ller (Basel, Switzerland) [31, 33]. Mono-
fluence and had been switched from 10 to 0.5% FCSclonal antibody to Thy 1.1 was from Serotec (Biozol, Ech-
for three days to achieve quiescence [35]. Control wellsing, Germany). The specificities of the employed antibod-
received either vehicle or were supplemented with FCSies have been described by the respective sources.
to reach a final concentration of 10%.
Northern blot analysis
RNA of MCs was extracted using the method of RESULTS
Chomczynski and Sacchi [34]. Total RNA was size frac- Immunolocalization
tioned on a 1% agarose formaldehyde gel and transfer- Examination of both frozen and paraffin-embedded
red onto Hybond nylon membranes (Amersham Buch- tissue sections clearly showed that glomeruli of adult
ler, Braunschweig, Germany). The blots were baked at mouse, rat, and human kidneys contain multiple extracel-
808C for two hours, prehybridized with 5 3 Denhardt’s lular proteins, which are known to be part of or associ-
solution, 5 3 standard saline citrate (SSC), 50% for- ated with microfibrils and elastic fibers. Depending on
mamide, 50 mmol/L Na3PO4, 0.1% sodium dodecyl sul- the species cross reactivity of the employed antibodies,
fate (SDS), 0.25 mg/mL salmon sperm DNA at 408C for we found positive glomerular immunostaining by fluores-
two to four hours. The hybridization probe was amplified cence and histochemistry for fibrillin-1, emilin, MAGPs
by reverse transcription-polymerase chain reaction (RT- 1 and 2, and LTBP-1 (Figs. 1A–C and 2A–G). The glo-
merular immunoreactivity displayed a mostly mesangialPCR) from rat MCs and was labeled with [a-32P] dCTP
distribution pattern. GBM and the peripheral capillaryusing a random-primed labeling kit (Rediprime II;
loop were negative. To confirm mesangial localizationAmersham) and column-purified using mini Quick Spin
of the elastic fiber proteins, we tested for double fluores-columns (Boehringer Mannheim, Mannheim, Germany).
cence with fibronectin, a8-integrin and, in the rat, ThyThe blots were hybridized in prehybridization solution
1.1 antigen, which are proteins known to be expressedcontaining 2 3 106 cpm/mL of probe at 408C overnight
in the mesangium [31, 35, 37]. Fibrillin-1, emilin, MAGPsand washed twice for 15 minutes with 2 3 SSC containing
1 and 2, and LTBP-1 clearly showed glomerular colocali-0.1% SDS and then 30 minutes with 0.1 3 SSC containing
zation with fibronectin as well as a8, confirming their0.1% SDS. As a loading control, a 500 bp GAPDH probe
abundance in the mesangium (Fig. 2 E–H). In rat kidney,was used [35]. Blots were exposed to Kodak x-ray films
mesangial colocalization with Thy 1.1 was also foundwith intensifying screens at 2808C for eight hours. The
(data not shown). The adventitia and less so the mediafollowing cDNA probes were employed: rat elastin (clone
of renal arteries and arterioles also stained positively for
124D) comprising 930 bp of the 39-end of elastin-coding
these proteins (Fig. 2G). Immunostaining of interstitial
sequence [36]; human emilin, the probe includes the com- peritubular ECM was observed for fibrillin-1 and emilin
plete coding sequence with the exception of the signal (Figs. 1B and 2B, E). Elastin was strongly positive in the
peptide [19]; MAGPs 1 and 2, the clones described by vasculature, and, in addition, extended from the glomer-
Gibson et al [21]. The cDNAs for human elastin, human ular vascular pole to Bowman’s capsule and the associ-
fibrillin-1, and murine emilin were cloned by RT-PCR ated interstitial ECM, but was not appreciably present in
from human placenta total RNA and span the following glomerular tufts (Fig. 1D). None of the tested antibodies
sequences: human elastin, the entire coding sequence of stained the GBM, tubular cells, or basement membranes.
the mature protein (the signal peptide coding sequence These findings are summarized in Table 1.
is missing) and 300 bp of 39-UTR; human fibrillin-1,
Electron and immunoelectron microscopythe 59-end terminal one fourth of the coding sequence;
murine emilin, the 39-terminal 750 bp of coding sequence Following impregnation with tannic acid, a network
and about 100 bp of 39-UTR (G. Bressan and A. Co- of electron-dense bundles of microfibrils, 10 to 12 nm in
diameter and hollow in cross section, was observed in thelombatti, unpublished data).
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Fig. 1. Immunofluorescence detection of microfibril-associated glycoprotein (MAGP-1; A), emilin (B ), MAGP-2 (C ), and elastin (D ) in rat (A,
E, and F ) and human frozen kidney tissue (B, C, and D). As negative controls in rat tissue, the monoclonal primary antibodies were replaced by
preimmune mouse IgG (E) and the polyclonal antibodies by preimmune rabbit IgG (F ).
c
Fig. 2. Immunohistochemical detection of fibrillin-1 (A), emilin (B ), and latent transforming growth factor-binding protein-1 (LTBP-1; C ) in rat
(A and C) and mouse (B and D ) paraffin-embedded kidney tissue. As a negative control, the primary antibody was replaced by preimmune mouse
IgG (D). Double fluorescence detection of glomerular colocalization of fibrillin-1 (E ) and fibronectin (F ) in human frozen kidney tissue or LTBP-1
(G ) and a8 integrin (H ) in rat frozen kidney tissue, confirming mesangial localization of fibrillin-1 and LTBP-1.
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Table 1. Immunolocalization of elastic fiber proteins in the kidney
Fibrillin-1 Emilin MAGP-1 MAGP-2 Elastin LTBP-1 Fibronectin a8-integrin
Glomeruli
Vascular pole 11 1 to 11 1 11 11 1 1 11
Mesangium 11 to 111 1 11 1 to 11 2 11 111 111
Peripheral capillary loop 2 2 2 2 2 2 2 2
GBM 2 2 2 2 2 2 6 2
Bowman’s capsule (outer aspect) 2 2 2 2 11 2 2 2
Tubules 2 2 2 2 2 2 2 2
Arterioles
Subendothelium/media 11 1 6 1 11 11 1 11
Adventitia/perivascular 11 11 2 2 11 11 11 2
Interstitium
Peritubular 11 1 to 11 1 11 2 1 11 2
Periglomerular 1 1 to 11 1 1 1 to 11 2 11 2
Semiquantitative assessment of immune staining was: 2 to 6, negative or trace; 1, mild; 11, strong; 111, very strong.
Immunolocalization was qualitatively comparable in rat (N 5 4), mouse (N 5 4) and human (N 5 3) kidneys. Scores of staining between species did not differ
by more than one grade; scores between kidneys of the same species did not show significant inter-individual variability. Immune staining for elastin in human kidney
was negative to trace for Bowman’s capsule and strong in periglomerular interstitium. Abbreviations are: MAGP, microfibril-associated glycoprotein; LTBP-1, latent
transforming growth factor-binding protein-1; GBM, glomerular basement membrane.
mesangial ECM, which was in accordance with previous predominantly in the subendothelium and to the adventi-
tia as well as to elastic fibers found in the perivascularfindings of Mundel et al (Fig. 3A) [10]. Microfibrils pre-
connective tissue. In the human kidney, the gold markerdominantly localized subendothelially at the mesangial
for elastin was restricted to prominent elastic fiber cordsangles of glomerular capillaries. They appeared to insert
surrounding Bowman’s capsule (Fig. 4F) and to vascularwithin membrane invaginations of MCs and to connect
structures.with the inner aspect of the GBM (Fig. 3B).
At the ultrastructural level, epitopes for fibrillin-1,
Studies of mesangial cell culturesemilin, MAGP-2, and LTBP-1 could be demonstrated
To analyze not only the presence and expression, butby immunogold labeling in the mesangial ECM. Anti-
also production and regulation of elastic fiber proteinsbodies to fibrillin-1 showed the strongest immunoreactiv-
in defined glomerular cells, we performed studies withity (Fig. 3 B–F), while weaker reactivities were found for
MCs in primary culture. Regulatory effects related toemilin, MAGP-2, and LTBP-1 (Fig. 4). The latter became
MC proliferation and caused by growth-modulating fac-evident only after pretreatment of sections with proteases
tors on the expression at the mRNA and protein levelsand microwave heating or by use of pre-embedding label-
were also examined. MCs of rats were used in the major-ing. The antibody to MAGP-1 did not show immunogold
ity of experiments. For specific questions, human andlabeling in kidney specimens. The gold marker for fibril-
murine cells were also analyzed.lin-1 was clearly associated with the delicate microfibril-
lar bundles, which appeared embedded in the mesangial
ImmunocytochemistryECM, particularly in the subendothelial position (Fig.
3B). In some areas, microfibrils appeared attached with Using immunofluorescence, MCs in two-dimensional
membranes of MC processes or to extend to endothelial culture revealed positive staining for all tested proteins.
cells or to insert into the inner aspects of the GBM (Fig. Immune staining for emilin, MAGP-2, and elastin is shown
3C–E). Tannic acid impregnation improved visualization in Figure 5A–E. As far as the cross-reactive antibodies
of the fibrillin-1–positive microfibrils (Fig. 3F). The gold were available, we found no clear-cut species differences
markers for MAGP-2 and LTBP-1 also immunolocalized in immunostaining of rat versus mouse versus human
to microfibrillar bundles attached to MCs (Fig. 4A, B), MCs. Positive cellular staining was found when MCs
whereas emilin epitopes appeared scattered throughout were sparsely seeded (day 1) or subconfluent (days 3
the mesangial ECM (Fig. 4C). The GBM proper, cyto- through 6). With time and increasing cell density (con-
plasm, nuclei of glomerular cells, and tubuli were com- fluence by days 6 through 8), strong extracellular immu-
pletely negative with all antibodies employed. nostaining was observed, often appearing in irregular
In the peritubular connective tissue, isolated bundles fibers and ultimately forming a dense fibrillar network
extending throughout the culture chamber (Fig. 5C, E).of microfibrils, occasionally in association with intersti-
tial fibroblasts, could also be immunolabeled with the
mRNA expression in cultured mesangial cellsemployed antibodies (Fig. 4D). In addition, emilin local-
ized to the periphery of elastic fibers (Fig. 4E). In the Northern blot analysis demonstrated that rat MCs ex-
press mRNAs of fibrillin-1, emilin, and elastin (Fig. 6).renal vasculature, gold-labeled bundles localized emilin
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Fig. 3. Transmission electron microscopy of microfibrillar bundles in the glomerular mesangial extracellular membrane (ECM) of human kidney
tissue visualized by tannic acid impregnation (A) and fibrillin-1 immunolabeling (B–F ). (A) Microfibrillar bundle in cross section (arrows) between
a mesangial cell (MC) and the glomerular basement membrane (GBM) after tannic acid impregnation. Abbreviations are: N, nucleus; PC, podocyte
foot processes (bar 5 0.3 mm). (B) Positive staining for fibrillin-1 in the angle, where the endothelial (EN)–mesangial (MC) interface meets the
GBM (bar 5 0.5 mm). (C) Fibrillin-1–positive microfibrillar bundles attached to a MC in detail (bar 5 0.3 mm). (D) Fibrillin-1–positive microfibrillar
bundle between two MC processes (bar 5 0.2 mm). (E) Subendothelial microfibrillar bundle labelled for fibrillin-1 (LU, capillary lumen; bar 5
0.3 mm). (F) After tannic acid impregnation, the microfibrillar nature of the fibrillin-1–positive structures attached to MCs is more easily recognized
(bar 5 0.2 mm).
Their expression was strong when MCs had been main- of gene expression lasting from 2 to 24 hours (Fig. 6).
This suppressive effect was most pronounced for emilintained in 0.5% FCS-containing medium for three days;
that is, when cells are quiescent and more differentiated and elastin mRNA and was weak for fibrillin-1. How-
ever, mRNA expression of the tested proteins recovered(Fig. 6). Supplementation of subconfluent quiescent MC
cultures with 10% FCS caused a rather prompt decline after two or three days in 10% FCS when MC cultures
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Fig. 4. Transmission electron micrographs showing immunogold labeling for MAGP-2 (A), LTBP-1 (B ), emilin (C–E ), and elastin (F ) in the
mesangial ECM and peritubular and periglomerular connective tissue of human kidney specimens. (A) MAGP-2 immunoreactivity of a microfibrillar
bundle connecting two MC processes (bar 5 0.2 mm). (B) The gold marker for LTBP-1 is associated with a microfibrillar bundle close to a MC
(trypsin pretreatment; bar 5 0.2 mm). (C) Immunolabeling for emilin is scattered in the mesangial ECM (EN endothelium; bar 5 0.3 mm). (D
and E) Immunolocalization of emilin to microfibrillar bundles (D) and to the periphery of elastic fibers (E) in the interstitial connective tissue
(bars 5 0.3 mm). (F) An elastin-positive elastic fiber (arrows) in the connective tissue close to Bowman’s capsule (BC; bar 5 1 mm).
reached confluence because of the strong mitogenic stim- was also dose dependent (data not shown), being strong-
est at a concentration of 20 ng/mL.ulus and proliferative burst of MCs. Such mRNA recov-
ery was not observed when initially sparsely seeded MC Platelet-derived growth factor-BB caused early mRNA
induction at two to eight hours, but this was followedcultures did not reach confluence despite the presence
of 10% FCS (data not shown). The addition of TGF-b1 by decrease of gene expression of the tested proteins
(Fig. 7). In rat MCs, the down-regulating effect of PDGF(5 ng/mL) to the supernate of quiescent MCs further
augmented the mRNA expression of all tested proteins was most pronounced for mRNA expression of elastin
and was weaker or more transitory for emilin and fibril-in a time-dependent fashion, which was particularly obvi-
ous for elastin (Fig. 6). The up-regulating effect of TGF-b1 lin-1 (Fig. 7).
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Fig. 5. Immunocytochemical detection of emilin (A, C, and E ), MAGP-2 (B ), and elastin (D ) in cultured rat MCs. Staining for emilin in MC
cultures with increasing cell density is seen in A, C, and E, showing extracellular accumulation of emilin. Incubation with preimmune mouse IgG
instead of the primary antibody served as a negative control (F ). Photomicrographs show representative immunocytochemical results obtained in
three separate sets of MC culture experiments.
In addition to the experiments on gene expression in regulatory effects of TGF-b1 and inhibitory effects of
PDGF in mouse (Fig. 8) and human (data not shown)rat MCs, analogous studies were also performed in hu-
man and murine MCs. With the available cDNA probes, MCs. The mRNA expression of MAGPs 1 and 2 could
only be detected in human MCs. The employed humanwe found qualitatively similar mRNA expression for fi-
brillin-1, emilin, and elastin in MCs from human and probes did not cross react with rat or mouse RNA (data
not shown).mouse kidneys. Moreover, we observed analogous up-
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Fig. 7. Regulation of fibrillin-1, emilin, and elastin mRNA expression
in rat mesangial cells (MCs) by transforming growth factor-b1
(TGF-b1) and platelet-derived growth factor-BB (PDGF-BB), as de-
tected by Northern blot analysis. Control, MCs in 0.5% FCS. Time-
dependent effects of vehicle (4 mmol/L HCl/0.1% BSA) and 20 ng/mL
PDGF-BB. Densitometric evaluation of blots is depicted in the lower
panels. Data shown are representative for four independent experi-
ments.
Fig. 6. Time-dependent regulation of fibrillin-1, emilin, and elastin
mRNA expression in cultured rat MCs by 10% FCS and TGF-b1
(5 ng/mL), as detected by Northern blot analysis. Control, MCs in 0.5%
FCS. Densitometric evaluation of blots is depicted in the lower panels. abundantly expressed, as shown by immunocytochemis-
Representative results of three independent experiments are shown. try and Northern blot analysis. Their gene expression is
stronger in quiescent than in actively proliferating MCs,
and it is up-regulated by TGF-b1.
DISCUSSION
Microfibril-associated proteins in elastic tissuesThe results of the present study demonstrate that the
Our findings confirm and extend previous observationsmesangial ECM of normal human, rat, and mouse glo-
obtained by immunofluorescence microscopy, whichmeruli contains multiple proteins that are constituents
showed that microfibrillar proteins, such as fibrillin-1 andof or associated with the microfibrillar component of
MAGPs 1 and 2, are present in glomeruli as well as inelastic fibers. They include the glycoproteins fibrillin-1,
the vasculature of adult chick, bovine, human, and ratemilin, MAGPs 1 and 2, as well as LTBP-1. Immunoelec-
kidney [20, 21, 23, 38]. Gibson et al identified severaltron microscopy revealed that fibrillin-1–containing mi-
microfibrillar components by biochemical and ultrastruc-crofibrils are localized in the mesangial ECM, particu-
tural analysis, and described their distribution in skinlarly in the subendothelium at the endothelial–mesangial
and tendons as well as in the general vasculature, includ-interface and where it underlies the paramesangial GBM.
ing the kidney [13, 21, 24]. The results of these andEmilin, MAGP-2, and LTBP-1 showed similar albeit
other investigations suggested that fibrillin-1 is the mainweaker immunoreactivities. In primary cultures of MCs
from rat, mouse, and human glomeruli, these proteins are component of extensible microfibrils, which contribute
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width) in the mesangial ECM of mammalian glomeruli
[1, 2, 11, 12]. Extensive studies by Kriz et al demonstrated
the particular localization of such microfibrils in the
ECM at the junction of the endothelial–mesangial inter-
face and GBM as well as underneath the paramesangial
GBM [1, 2, 7, 10]. These ultrastructural findings, together
with functional studies by others [3, 9], point to the rele-
vance of the mesangial ECM to provide elastic constraint
to the glomerular capillary tuft, thus counterbalancing
(in concert with the tubulointerstitial pressure) the high
intraglomerular hydrostatic pressure and preventing in-
appropriate distention of the capillary wall.
The immunohistochemical results of the present study
are supported by immunoelectron microscopy findings,
which clearly demonstrate that the glomerular localiza-
tion of fibrillin-1, MAGP-2, LTBP-1, and emilin is re-
stricted to the mesangial ECM, sparing the GBM (Figs.
3 and 4). We found mesangial colocalization of these
proteins with fibronectin and a8-integrin (Fig. 2E–H).
These observations in conjunction with reports by others
[2, 3, 19, 31, 38] indicate that the mesangial ECM is
composed of a complex array of extracellular proteins
serving different functions, including mechanical stabili-
zation and elastic strength of the glomerular capillaryFig. 8. Regulation of fibrillin-1 and emilin mRNA expression in mouse
MCs by TGF-b1 and PDGF-BB, as detected by Northern blot analysis. tuft. Of note, we did not find elastin localized in the
Control, MCs in 0.5% FCS. Time kinetics of mRNA expression of glomerular capillary tuft but only in the renal vascula-fibrillin-1 and emilin after stimulation with 5 ng/mL TGF-b1 or 10
ng/mL PDGF-BB. Densitometric evaluation of blots is depicted in the ture, including the vascular pole at the glomerular hilus,
lower panels. Representative results of three MC culture experiments extending from there to Bowman’s capsule and the asso-
are shown.
ciated interstitial ECM (Fig. 1D and Table 1). These find-
ings are consistent with the concept that a network of
elastin-free microfibrillar bundles in the mesangial ECM
to the elastic strength of tissues subjected to mechanical
serves stress-bearing and elastic functions for the mainte-stress [13, 14, 16, 21, 39]. The associated proteins, for
nance of the glomerular capillary tuft in addition to pro-example, MAGPs 1 and 2, also provide anchorage by
viding anchorage of the mesangium to the GBM. Byconnecting microfibrils and elastic fibers among them-
analogy, elastin-free microfibrils found in the superficialselves and with collagens, for example, of basement
layer of the dermis and in the vascular subendotheliummembranes, as well as by linking this ECM network to
are also thought to provide elastic strength [14, 16, 39].adjacent cells [14, 16, 21, 22, 24, 39]. The glycoprotein
However, the precise macromolecular architecture andemilin is located predominantly at the interface between
elastic properties of extensible microfibrils in the absencemicrofibrils and elastin, but is also found in the absence
of elastin are presently unknown. The continuous cir-of elastin [20]. At present, the function of emilin is not
precisely known. Recent studies indicated that emilin cumferential localization of elastin associated with the
serves adhesive and migratory functions for various cell interstitial aspect of Bowman’s capsule is remarkable.
types, including MCs (Colombatti et al, unpublished It could play a role in the mechanical maintenance of
data) [19]. Whereas elastin is the most important elastic Bowman’s space, the initial portion of the nephron, for
protein, its presence does not appear to be essential for example, under conditions causing intratubular obstruc-
the elastic strength of networks of extensible microfibrils tion or reflux with enhanced intratubular hydrostatic
containing fibrillin-1 and MAGP-2, as observed in the pressure. Similarly, the peritubular abundance of elastic
subendothelium and skin [14, 16, 21, 39]. Thus, the avail-
fiber proteins, such as fibrillin-1, emilin, and MAGPs 1able results are in keeping with the interpretation that
and 2 could serve analogous functions, that is, opposingmicrofibril-related proteins can serve elastic as well as
distending forces when intratubular pressure increases.nonelastic functions of the ECM.
However, detailed analysis of the structure–function re-
Microfibrils in the mesangium lationships is needed to answer questions concerning the
potential role of specific elastic fiber proteins in nephronSeveral investigators have provided ultrastructural ev-
idence showing microfibrillar structures (10 to 15 nm in anchorage and resilience.
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Microfibril-associated proteins in the mesangial ECM Recent reports by Ahmed et al and Kucich et al have
shown that in fetal lung fibroblasts, the up-regulatingThe abundance of LTBP-1 in the mesangial ECM of
effects of TGF-b1 on various elastic fiber components,normal mammals was previously observed by others [25,
can occur at the level of transcription or of message27, 28]. Interestingly, LTBP-1 was recently described to
stabilization [46, 47]. Which of such diverse mechanismsbe part of microfibrils, for example, in the skin and other
are utilized in MCs and what relevance they may havetissues [16, 26, 40]. It is presently uncertain whether this
in vivo require further analysis.protein also serves mechanical functions of the mesangial
It is of interest that elastin mRNA and protein areECM besides being a potential extracellular binding pro-
also markedly expressed in cultured MCs, whereas wetein for latent TGF-b, thus affecting the regulation of
failed to demonstrate this protein by immunolocalizationactive TGF-b [25, 28]. Further investigations are re-
in the intraglomerular mesangium in renal tissue sectionsquired to discern the diverse functional properties and
(Figs. 1D and 5). A possible explanation for this discrep-interactions of other elastic fiber proteins present in the
ancy could be that even in medium containing merelymesangial ECM. Fibrillins 1 and 2 as well as MAGP-2
0.5% FCS, MCs kept in two-dimensional culture for uphave been found to ligate to avb3 integrin receptors of
to six days are not truly differentiated as they are undervarious mesenchymal cell types [16–18, 41–43]. Also,
normal in vivo conditions. It remains to be seen whetherfibrillin-1 can bind to components of the basement mem-
elastin protein stays expressed by quiescent and morebrane, such as fibulin-2 [23]. It is presently unclear
differentiated MCs in three-dimensional culture andwhether such linkage potential of elastic fiber proteins
whether it becomes apparent in the mesangium of dis-also holds for the glomerular capillary tuft. In normal
eased glomeruli when MCs are activated.kidney tissue, MCs express multiple integrins of the b1
family, notably a1, a2, a3 and a8, but not avb3 [31, 37]. Fibrillin-1 deficiency and function
However, mesangial av expression is greatly up-regu- Multiple mutations of the fibrillin-1 gene have beenlated in glomerular disease [19, 44]. We expect that eluci-
described in patients with the pleiomorphic Marfan syn-dation of the nature of elastic fiber protein ligation to
drome [48, 49]. First studies were recently reported on
MCs as well as to components of the GBM will be useful
fibrillin-1 gene-mutated mice with partial inhibition of
to understand better how MCs transmit supportive and gene expression resulting in shortened fibrillin-1 protein
contractile forces to the glomerular capillaries. or with underexpression of fibrillin-1 [16, 40, 49]. De-
pending on the gene defect, these mice die within theProduction of elastic fiber proteins by cultured
first few months after birth because of cardiovascularmesangial cells
complications caused by mechanical collapse and dissect-
By immunocytochemistry of cultured MCs, we obtained ing aneurysms of the aortic wall. Whereas fibrillin-1–
direct evidence that MCs have the potential to produce deficient mice showed other hallmarks of Marfan syn-
fibrillin-1, emilin, MAGPs 1 and 2, LTBP-1, as well as drome, no obviously abnormal renal phenotype was
elastin. We performed additional analyses by Northern observed in their short life span [40, 49]. Kanwar et al
blotting using cDNA probes that were available to us. discovered that the administration of fibrillin-1 antisense
The results of these short-term experiments confirm that oligonucleotides to rat embryonic metanephroi in cul-
MCs express mRNAs of fibrillin-1, emilin, MAGPs 1 ture greatly disturbed renal development [38]. The au-
and 2, and elastin (Fig. 5). Their expression is regulated thors suggested that the ECM ligand fibrillin-1 could play
in that it is strong in MCs maintained in 0.5% FCS for a role in mammalian renal organogenesis, for example,
three days when proliferative activity of MCs is low and in the vascularization phase of the metanephric kidney
cells have reached a more quiescent state [35]. Gene [38, 50]. Besides noting glomerular immunostaining for
expression is further up-regulated by TGF-b1 during the fibrillin-1 in embryonic and postnatal kidneys, no men-
course of three consecutive days, whereas it is transiently tion of glomerular development was made [38]. While
reduced or abolished in the presence of mitogenic stim- several anecdotal reports of different types of glomerular
uli, such as 10% FCS and PDGF. The stimulating effects disease in Marfan patients have appeared [51, 52], no
of TGF-b1 are of interest because its expression can be systematic study has yet been published allowing clues
induced by exposure of cultured MCs to cyclic stretch as to the relationships between particular mutations of
[45]. Thus, it appears possible that in vivo, TGF-b1 is the fibrillin-1 gene, defects of fibrillin-1 protein and pa-
involved in the up-regulation of elastic fiber proteins, thology of renal vasculature and glomeruli in such pa-
together with other ECM components, for example, in tients, for example, in autopsy studies. In the future, it
response to enhanced mechanical stress to glomerular will be interesting to examine Marfan patients as well
capillaries. At present, we do not know the signaling as experimental animals with established fibrillin-1 ab-
pathways by which the expression of the studied proteins normalities as to the prevalence and nature of renal
pathology.is controlled in MCs, for example, by growth factors.
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functional aspects of the glomerular basement membrane. BasicFinally, further investigations are required to elucidate
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